Abstract Alcohol consumption during pregnancy is a significant public health problem and may result in a wide range of adverse outcomes for the child. The developing central nervous system (CNS) is particularly susceptible to ethanol toxicity. Children with fetal alcohol spectrum disorders (FASD) have a variety of cognitive, behavioral, and neurological impairments. FASD currently represents the leading cause of mental retardation in North America ahead of Down syndrome and cerebral palsy. Ethanol exposure during development causes multiple abnormalities in the brain such as permanent loss of neurons, ectopic neurons, and alterations in synaptogenesis and myelinogenesis. These alcohol-induced structural alterations in the developing brain underlie many of the behavioral deficits observed in FASD. The cellular and molecular mechanisms of ethanol neurotoxicity, however, remain unclear. Ethanol elicits cellular stresses, including oxidative stress and endoplasmic reticulum stress. Glycogen synthase kinase 3β (GSK3β), a multifunctional serine/ threonine kinase, responds to various cellular stresses. GSK3β is particularly abundant in the developing CNS, and regulates diverse developmental events in the immature brain, such as neurogenesis and neuronal differentiation, migration, and survival. Available evidence indicates that the activity of GSK3β in the CNS is affected by ethanol. GSK3β inhibition provides protection against ethanol neurotoxicity, whereas high GSK3β activity/expression sensitizes neuronal cells to ethanol-induced damages. It appears that GSK3β is a converging signaling point that mediates some of ethanol's neurotoxic effects.
Introduction
Fetal alcohol spectrum disorders (FASD) are caused by maternal alcohol consumption during pregnancy and characterized by a spectrum of structural anomalies and neurocognitive and behavioral disabilities [1] . Fetal alcohol syndrome (FAS), the most severe form of FASD, displays the complete phenotype of characteristic intrauterine growth restriction, central nervous system (CNS) malformations, mental retardation, and craniofacial and skeletal defects. Epidemiologic studies indicate that in the USA, FAS occurs in 0.2-1.5 per 1,000 live births, whereas alcohol-related birth defects and brain developmental disorders occur in approximately nine per 1,000 live births [2, 3] . FASD currently represent the leading cause of mental retardation in North America, ahead of Down syndrome and cerebral palsy [3] [4] [5] . While it is established that heavy alcohol abuse during pregnancy can produce gross teratogenic effects in the developing CNS, moderate levels of prenatal alcohol exposure can also be harmful and impair cognitive, behavioral, and motor functions [1, [6] [7] [8] [9] . The economic burden of FASD/FAS is high; annual cost estimates for the United States exceed four billion [10] . Prominent CNS abnormalities in FASD include: microencephaly, abnormal cortical thickness, reduced cerebral white matter volume, ventriculomegaly, and cerebellar hypoplasia [11] [12] [13] [14] [15] [16] . These alcohol-induced structural alterations in the brain underlie many of the behavioral deficits observed in FASD. Experimental models have been successfully used to investigate teratogenic effects of ethanol, and CNS abnormalities in FASD are replicated in experimental models. Ethanol exposure disrupts a variety of developmental events in experimental FASD models; these include neurogenesis, neuron survival, cell migration, cell adhesion, axon outgrowth, synapse formation, and neurotransmitter function [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Despite attempts to increase public awareness of the risks involved, increasing numbers of women are drinking during pregnancy in the USA [30] . Therefore, it is important to develop strategies that can prevent or ameliorate alcohol-induced damages to the brain. To develop effective strategies, the initial step is to understand the mechanism of ethanol neurotoxicity.
Glycogen synthase kinase 3beta (GSK3β), a serine/ threonine kinase originally identified as a regulator of glycogen metabolism, is a central component of the Wnt signaling pathway important for proper axis formation during embryonic development [31] . It is now known that GSK3β plays an important role in the development of the CNS, and regulates diverse early events, such as neurogenesis, neuronal migration, cell adhesion, synapse formation, neuronal survival, and cell polarity/neurite outgrowth in an immature brain. Coincidently, these events are affected by ethanol. This review will discuss the association between GSK3β activity and ethanol neurotoxicity and potential underlying mechanisms.
GSK3β Signaling

Regulation of GSK3β
GSK3 is a multifunctional serine/threonine kinase; originally found in mammals, homologues have been found in all eukaryotes [31, 32] . GSK3 was named for its ability to phosphorylate, and thereby inactivate, glycogen synthase, a key regulatory molecule in the synthesis of glycogen. There are two highly homologous forms of GSK3 in mammals encoded by distinct genes, GSK3α (51 kDa) and GSK3β (47 kDa). It is now known that GSK3 is an important component of diverse signaling pathways involved in the regulation of cell fate, protein synthesis, glycogen metabolism, cell mobility, transformation, proliferation, and survival [31] [32] [33] . Despite a high degree of similarity and functional overlap, these isoforms are not functionally identical and redundant. Between these isoforms, GSK3β is better studied, probably due to its prominent role in the CNS. This review mainly discusses studies on GSK3β.
Unlike most protein kinases, GSK3β is constitutively active in resting cells and undergoes a rapid and transient inhibition in response to a number of external signals [31, 32] . GSK3β activity is regulated by site-specific phosphorylation. Full activity of GSK3β generally requires phosphorylation at tyrosine 216 (Tyr216), and conversely, phosphorylation at serine 9 (Ser9) inhibits GSK3β activity. Phosphorylation of Ser9 is probably the most important regulatory mechanism. Several kinases are capable of mediating this modification, including p70 S6 kinase, extracellular signal-regulated kinases (ERKs), p90Rsk (also called MAPKAP kinase-1), protein kinase B (also called Akt), certain isoforms of protein kinase C (PKC), and cyclic AMP-dependent protein kinase (protein kinase A, PKA) [32, 34] . In opposition to the inhibitory modulation of GSK3β that occurs by serine phosphorylation, tyrosine phosphorylation of GSK3β increases the enzyme's activity. Studies of tyrosine phosphorylation are relatively sparse and information about this regulatory mechanism is fragmentary. Stimulation of pGSK3β(Tyr216) is reported to be mediated by alterations in intracellular calcium levels, a calcium-dependent tyrosine kinase, proline-rich tyrosine kinase 2 (PYK2), or Fyn, a member of the Src tyrosine family [35] [36] [37] [38] . pGSK3β(Tyr216) is also subject to the regulation of mitogen-activated protein kinase kinase (MEK1/2) [39]. It has been suggested that GSK3β tyrosine phosphorylation is an autophosphorylation event [40] .
Although phosphorylation of GSK3β is the most important mechanism of regulation, GSK3β can be activated without apparent changes in pGSK3β(Tyr216) and pGSK3β(Ser9) [41] . Regulation of GSK3β may also be mediated by its subcellular localization. Some substrates of GSK3β, such as tau, are cytosolic, whereas others, notably several transcription factors, are nuclear. Thus, it is evident that GSK3β must be located in both compartments. Diehl et al. [42] report an increase in nuclear GSK3β during the S phase of the cell cycle. Pro-apoptotic stimuli cause the translocation of Tyr216-phosphorylated GSK3β to the nucleus [43] . A recent study reveals a nuclear localization sequence in GSK3β, shedding light on the mechanisms underlying its shuttling between cytosolic and nuclear compartments [44] .
GSK3β and Wnt Signaling
The role of GSK3β in the Wnt signaling pathway is briefly discussed here because of the importance of Wnt signals in all stages of neuronal development. The Wnts are a family of secreted, cysteine-rich, and glycosylated protein ligands that signal by activating the Frizzled family of membranebound receptors. Wnt signal transduction causes nuclear translocation of β-catenin and ultimately results in the activation of genes regulated by the T-cell factor (TCF)/ lymphoid enhancer factor (LEF) family of transcription factors. β-catenin is the most well-known substrate of GSK3β. In the absence of Wnt signals, free cytoplasmic β-catenin is incorporated into a cytoplasmic complex that includes Axin, GSK3β, and adenmatous polyposis coli (APC). This enables GSK3β to phosphorylate β-catenin and results in ubiquitin-mediated degradation of β-catenin [31, 45] . Wnt signaling inactivates GSK3β and prevents it from phosphorylating β-catenin, thus stabilizing β-catenin in the cytoplasm. As β-catenin accumulates, it translocates into the nucleus where it binds to TCF/LEF and dramatically increases their transcriptional activity. Thus, GSK3β must be inactivated for Wnt signaling to proceed, and the presence of active GSK3β negatively regulates Wnt signaling. The Wnt signaling pathway is an integral component of embryonic development [45] [46] [47] . Many constituents of Wnt signaling pathways are expressed in the developing and mature nervous systems, and Wnt signaling has proven to be essential for neural development at various stages and across species; it is involved in morphogenesis and patterning, as well as differentiation processes and lineage decision events during both central and peripheral nervous system development. Wnt signaling controls the initial formation of the neural plate and many subsequent patterning decisions, such as formation of the neural tube in the embryonic nervous system; it continues to be important at later stages of development, for example, during the differentiation of synapses [45] [46] [47] . In the adult brain, Wnt signaling has been demonstrated to participate in degenerative processes leading to cell death during aging [46] .
GSK3β Substrates
More than 40 proteins are substrates of GSK3β, and these proteins have roles in a wide spectrum of cellular processes, including glycogen metabolism, transcription, translation, cytoskeletal regulation, cell differentiation, proliferation, transformation, and apoptosis [32, 33, 48] . These substrates can be divided into three major groups of substrate proteins, namely, metabolic/signaling proteins, structural proteins, and transcription factors. The proteins belonging to the first group include acetylCoA carboxylase, amyloid precursor protein, APC tumor suppressor protein, ATP-citrate lyase, axin, cyclic AMP-dependent protein kinase, cyclin D1, translation initiation factor 2B (eIF2B), glycogen synthase, insulin receptor substrate-1, myelin basic protein, NGF receptor, protein phosphatase 1, protein phosphatase inhibitor-2, and pyruvate dehydrogenase. The structural proteins include dynamin-like protein, microtubule-associated protein 1B (MAP1B), microtubule-associated protein 2, neural cell-adhesion protein, neurofilaments, spindle-associated protein Astrin, ninein, and tau. GSK3β-targeted transcription factors are AP-1 (Jun family), β-catenin, C/EBPα, CREB, glucocorticoid receptor, HSF-1, Myc, NFAT, and NF-кB.
The Role of GSK3β in Neuronal Development
GSK3β regulates a number of developing events that are affected by prenatal ethanol exposure. Understanding the role of GSK3β in these events will shed light on the mechanism of ethanol neurotoxicity.
The Expression of GSK3β in the Developing Brain GSK3β is widely expressed in all tissues and is particularly abundant in the central nervous system [49] . In the developing brain, GSK3β is predominantly expressed in neurons and barely detectable in astrocytes [50, 51] . Leroy and Brion [50] show the expression of GSK3β in the developing rat brain is highest from 18 days of embryonic life up to 10 days of postnatal life (PD10). The expression decreases thereafter and is lowest in the adult; strong GSK3β immunoreactivity is localized in developing neurons, but only weakly detected in layers containing neuroblasts. During development and in the adult, GSK3β is detected in the perikarya and proximal part of dendrites. In the embryo, an intense GSK3β immunoreactivity is also observed in axonal tracts. This axonal immunoreactivity has markedly decreased by PD10 and is absent at PD20 and in the adult [50] . Similarly, Takahashi et al. [51] show a high expression of GSK3β during the first 2 weeks of postnatal life; the GSK3β level peaks at PD8-11. Its expression decreases significantly at PD20, and is lowest in the adult. Coyle-Rink et al. [52] examine the expression of GSK3β in the developing mouse brain. As in the rat brain, a strong GSK3β expression is observed in the mouse brain during the first two postnatal weeks and then the level of GSK3β drastically decreases after PD18. The window of GSK3β expression corresponds to the major period of dendritic extension and synaptogenesis, and is also a period that the brain is susceptible to ethanol exposure [53, 54] .
GSK3β and Cell Proliferation
Postmitotic neurons express more GSK3β than cycling neuroblasts in the developing brain [50] , and neuronal overexpression of a constitutively active GSK3β induces microcephaly [55, 56] . This suggests that GSK3β activity may negatively regulate neurogenesis. Cui et al. [56] show that inhibition of GSK3β can promote the proliferation of cerebellar granule neuron progenitors in vitro [57] , suggesting that activation of GSK3β may suppress the division of neuronal precursors. Also using an in vitro model of cerebellar granule neuron progenitors, Knoepfler and Kenney [58] show that GSK3β activation inhibits cell cycle progression, and the inhibitory effect of GSK3β is mediated by phosphorylating and destabilizing N-Myc. GSK3β is implicated in adult hippocampal neurogenesis [59] . Lithium, an inhibitor of GSK3 enhances the proliferation of adult dentate gyrus-derived neural precursor cells in culture [59] . The proliferation and differentiation of neural precursor cells are mutually exclusive during brain development. Fibroblast growth factor 2 (FGF2) promotes neural precursor cell proliferation and concurrently inhibits their differentiation. FGF2 inactivates GSK3β and induces β-catenin nucleus accumulation, enhancing the proliferation of neural stem/precursor cells, and concurrently inhibiting their differentiation in culture [60] . This is supported by the study of Jin et al. [61] showing that FGF2-stimulated proliferation of cortical neural progenitor cells is mediated by GSK3β inactivation. According to some studies, however, GSK3β activity appears to be necessary for cell cycle progression. Maurer et al. [62] show that inhibition of GSK3β by SB216763, a specific GSK3β inhibitor, suppresses proliferation while promoting neuronal differentiation in neural stem cells isolated from the adult rat subventricular zone. Yeste-Velasco et al. [63] show that GSK3β activation by serum and potassium withdraw induces the expression of several cell cycle regulating proteins, such as cyclin D1, cyclin E, and transcription factor E2F-1; it also phosphorylates retinoblastoma protein in cultured cerebellar granule cells. In some tumor cells, inhibition of GSK3β results in cell cycle arrest and apoptosis [33] .
Multiple mechanisms are involved in GSK3β regulation of cell proliferation. First, GSK3β modulation of cell proliferation may be mediated by mitogenic transcription factors. The activity of some mitogenic transcription factors, such as AP-1 and NF-κB, is inhibited by GSK3β activation [32, 33, 64] . Second, GSK3β may inhibit cell cycle progression by interacting with cell cycle regulatory proteins, such as cyclin D1 and D2 [42, 65] . Third, GSK3β may regulate spindle microtubule assembly and accurate chromosome segregation through interactions with the spindle-associated protein Astrin, a substrate for GSK3β [66] .
GSK3β and Cell Migration
During nervous system development, neuronal cells undergo directional movements to specific sites in response to extracellular signals and establish proper connections to other cells. Cell migration in the direction of extracellular cues is mediated by actin and microtubule cytoskeletons. The initial step for this process is cell polarization towards the source of the extracellular signal, as well as asymmetric distribution of actin and microtubule cytoskeletons. Microtubule orientation and organization at the leading edge are critical for directional cell migration. GSK3β regulates the dynamics of microtubule cytoskeletons and neuronal polarization in response to extracellular cues [67] [68] [69] [70] , and therefore is an important signaling component that links extracellular signals to cytoskeletal components and governs neuronal migration. MAP1B, a neuron-specific microtubule-associated protein, is a substrate of GSK3β; it is implicated in the control of the dynamic stability of microtubules and in the cross-talk between microtubules and actin filaments in neurons. González-Billault et al. [71] show that GSK3β-dependent MAP1B phosphorylation is required for Reelin-regulated neuronal migration in vivo and in vitro. In addition to directly regulating microtubule organization, GSK3β can regulate other signaling proteins involved in cell migration. For example, platelet activating factor (PAF) induces apoptosis and inhibits the migration of cerebellar granule neurons in a GSK3β-dependent manner; GSK3β inhibitors block the effect of PAF [72] . Focal adhesion kinase (FAK) is a non-receptor tyrosine kinase found in focal adhesion events and plays an important role in cell adhesion, spreading, and migration [73] . It is shown that GSK3β regulates cell spreading and migration by phosphorylating FAK at selected serine sites [74] . Aspartyl (asparaginyl)-beta-hydroxylase (AAH) regulates cell motility by catalyzing post-translational hydroxylation of proteins involved in cell migration, such as Notch and Jagged [75] . AAH is a substrate of GSK3β and GSK3β-mediated phosphorylation induces AAH degradation, resulting in retarded cell motility [76] . Microglia play a prominent role in the brain's inflammatory response to injury or infection by migrating to affected locations and secreting inflammatory molecules. GSK3 inhibitors reduce the migration of microglia in cultured mouse hippocampal slices [76] . The regulation of GSK3β on microglia migration may underlie its role in inflammatory response to injury in the CNS.
GSK3β and Neuronal Differentiation
Neurons are highly polarized cells that contain a single long axon and multiple dendrites. Initial differentiation of neurons is to establish neuronal polarity. Polarization occurs when one of the multiple neurites emerging from the cell body initiates a phase of rapid elongation, becoming the axon; the remaining neurites will develop as dendrites. Rearrangement of the neuronal cytoskeleton provides support for the dramatic morphological changes that occur during neuronal polarization and neurite outgrowth. Several microtubule-associated proteins (MAPs) important for neuronal polarity and axonal outgrowth, such as tau and MAP1B, are substrates of GSK3β [68] . Inhibition of GSK3β provides a positive regulatory signal for cytoskeleton rearrangement involved in neuronal polarity and axon extension [77] .
Neuronal over-expression of a constitutively active GSK3β causes a delayed postnatal maturation and differentiation of neurons in the mouse brain [55, 56] . In various in vitro models of neuronal development, inhibition of GSK3β by selective inhibitors or molecular approaches is shown to promote neurite outgrowth; in contrast, activation of GSK3β causes neurite retraction [38, [78] [79] [80] [81] [82] . In addition, inactivation of GSK3β mediates a leptin-induced increase in axonal growth cone size in developing mouse cortical neurons [83] . GSK3β also negatively regulates the differentiation of neural stem cells. GSK3β inhibitors promote neuronal differentiation in neural stem cells isolated from the adult rat subventricular zone [62] . Inactivation of GSK3β is also beneficial for axonal regeneration after a spinal cord lesion [81] .
On the other hand, some reports demonstrate that GSK3β activity is necessary for neurite outgrowth and axonal extension. For example, lithium or other GSK3β inhibitors are shown to reduce neurite outgrowth and axon elongation rates in primary cultures of rat hippocampal neurons and sensory neurons [84, 85] . The complex effects of GSK3β on neuronal differentiation are highlighted by studies using PC12 cells. PC12 cells are rat pheochromocytoma cells that are extensively used to study the cellular/ molecular mechanisms of neuronal differentiation. PC12 cells differentiate into neuronal-like cells by extending neurites and expressing neurotransmitters in response to neurotrophic factors such as NGF and bFGF. There are conflicting reports on the effect of GSK3β in PC12 cell differentiation; GSK3β activity can be either negative or positive for neurite outgrowth of PC12 cells [86] [87] [88] [89] [90] [91] .
The effect of GSK3β on neuronal differentiation appears to be mediated by its interaction with microtubuleassociated proteins, such as MAP1B, which is essential for neuronal polarization, migration, neurite outgrowth, and axon elongation [85, 92] . GSK3β phosphorylation of MAP1B acts as a molecular switch regulating the control that MAP1B exerts on microtubule dynamics in growing axons and growth cones [88] . Besides MAP1B, GSK3β may interact with other proteins that also participate in regulating neuronal differentiation. For example, E2F1 transcription factor is a key downstream target of the retinoblastoma tumor suppressor protein and is involved in neuronal differentiation. NGF-induced GSK3β/E2F1 interaction facilitates E2F1 degradation, increasing neurite outgrowth in PC12 cells [90] . NGF promotes the interaction between GSK3β and MRP2, an actin-binding protein in PC12 cells; the interaction enhances neurite outgrowth [89] . As observed in GSK3β, the effects of ethanol on neurite outgrowth and axonal extension are complex. Depending on the model system examined and the concentration of ethanol applied, ethanol can either promote or inhibit neurite outgrowth [29, 82, [93] [94] [95] [96] [97] .
GSK3β and Neuronal Injury
GSK3β is an important modulator of apoptosis [32, 33, 98] . Lucas et al. [99] use transgenic mice that conditionally over-express GSK3β to demonstrate the link between GSK3β activity and neurodegeneration. They show that over-expression of GSK3β to specific regions of the brain in mice results in neuronal death characteristic of apoptosis in these regions [99] . The finding is supported by studies using various in vitro models, which show the overexpression of GSK3β in neurons is sufficient to trigger neuronal cell death; in contrast, expression of inhibitory GSK3β binding proteins or a dominant interfering form of GSK3β reduces neuronal apoptosis [100] [101] [102] [103] . Interestingly, relatively low levels of GSK3β over-expression, which alone do not induce apoptosis, greatly facilitate proapoptotic signaling and promote apoptosis [104] .
Due to its prominent role in regulation of neuronal survival, GSK3β has been linked to several key neuropathological mechanisms of neurodegenerative diseases [32, 34, 98, 105, 106] [120] report that the human immunodeficiency virus type 1 regulatory protein Tat activates GSK3β and induces apoptosis in cerebellar granule neurons. Similarly, platelet activating factor induces apoptosis and inhibits migration of cerebellar granule neurons through the activation of GSK3β [72] . GSK3β activation during neuronal death is commonly mediated by deregulation of phosphorylation at Ser9. Bhat et al. [43] report that pro-apoptotic stimuli (nerve growth factor withdrawal, ischemia, or staurosporine treatment) increase Tyr216 phosphorylation of GSK3β and induce its nuclear translocation.
Some studies suggest that GSK3β activity is necessary for neuronal survival. Gómez-Sintes et al. [121] investigate conditional over-expression of dominant-negative (DN) GSK3β in the mouse brain. Transgenic mice expressing DN GSK3β display increased neuronal apoptosis and impaired motor coordination. These results reveal the importance of intact GSK3β activity for adult neuron viability and physiology, and warn of potential neurological toxicity of GSK3β pharmacological inhibition beyond physiological levels. Lithium is shown to have an opposing effect on neuronal survival, depending on the developmental status of the neuron; it induces apoptosis in immature cerebellar granule cells, but promotes survival in mature neurons [122] .
It is unclear how GSK3β executes both pro-and antiapoptotic action. It has been suggested that GSK3β promotes cell death caused by the intrinsic apoptotic pathway, but inhibits the death receptor-mediated extrinsic apoptotic signaling pathway [98] . The intrinsic apoptotic signaling cascade can be induced by numerous stimuli that cause cell damage, such as DNA damage, oxidative stress, and endoplasmic reticulum stress. The intrinsic apoptotic signaling pathway causes the disruption of mitochondria, leading to cell destruction. The extrinsic apoptotic pathway, on the other hand, is mediated by the activation of cellsurface death domain-containing receptors and initiates apoptosis by activating caspase-8.
Several potential contributory mechanisms underlying GSK3β modulation of cell survival are evident. It is suggested that GSK3β-induced phosphorylation of tau may destabilize microtubules to contribute to cytoskeletal collapse associated with apoptosis [123] , and GSK3β-mediated phosphorylation of pyruvate dehydrogenase may impair Krebs cycle activity [124] . Effects of GSK3β on neuronal survival may be mediated by modulation of transcription factors. It is shown that GSK3β activity is required for AP1-dependent expression of pro-apoptotic Bim and inhibitors of GSK3β block AP-1 activation and protect neurons from apoptosis caused by trophic factor deprivation [125] . Activation of GSK3β is shown to antagonize NF-кB-mediated neuronal survival, resulting in decreased cell viability [126] . GSK3β binds to p53 and promotes p53-induced apoptosis [127] . Mixed lineage kinase 3 (MLK3) is a mitogen-activated protein kinase kinase kinase member that activates the c-Jun N-terminal kinase pathway. GSK3β-dependent MLK3 phosphorylation mediates neuronal death caused by NGF deprivation [128] . Transcription factor NFAT3 is identified as a key target in GSK3β-promoted apoptosis in cerebellar granule neurons [129] . Additionally, the effect of GSK3β on neuronal survival may be regulated by translational control. Translation initiation factor 2B is a substrate of GSK3β. GSK3β phosphorylates and inhibits eIF2B, resulting in translational suppression and programmed cell death [130] . Finally, GSK3β is also present in mitochondria and may directly modify the activity of pro-apoptotic proteins. GSK3β activation appears to be upstream of mitochondria apoptotic signaling, such as caspase-3/caspase-9 processing and cytochrome c release [131] . It has been demonstrated that GSK3β phosphorylates pro-apoptotic Bax and promotes its mitochondrial localization during neuronal apoptosis [132] .
In addition to the direct effect on neurons, GSK3 may contribute to neuronal injury by modulating brain inflammation. Excessive neuroinflammation contributes to neurodegeneration. GSK3β activation promotes the production of inflammatory molecules and microglia migration, which together make GSK3 a powerful regulator of inflammation [133] .
GSK3β in Ethanol-Induced Neuronal Injuries
Evidence of Ethanol Modulation of GSK3β Activity
We examined the effect of ethanol on GSK3β with an animal model of developmental ethanol exposure [134] .
Seven-day-old C57BL/6 mouse pups were injected subcutaneously with saline or ethanol (2.5 g/kg, 20% solution in saline) twice at 0 h and 2 h. The injection causes significant apoptosis in the cerebral cortex and induces a dephosphorylation of GSK3β at Ser9, but has little effect on the phosphorylation at Tyr216 and the expression of total GSK3β. The finding is supported by our in vitro model using differentiating neuroblastoma cells (N2a). Ethanol causes a strong dephosphorylation of GSK3β at Ser9 in N2a cells without affecting p-GSK3β(Tyr216) [82] . Ethanol-induced activation of GSK3β is evident by an increase in the phosphorylation of tau, a substrate of GSK3β. Similar to our observations, de la Monte and Wands [135] demonstrate that prenatal ethanol exposure alters GSK3β activity in cultured cerebellar neurons. In their study, female rats were fed an ethanol-containing diet throughout pregnancy. Cerebellar primary neuronal cultures were generated with cerebellar tissue harvested from control or ethanol-exposed postnatal day 2 pups. Insulinstimulated Akt and GSK3β phosphorylation (Ser9) are diminished in these cells, while the levels of nonphosphorylated GSK3β are increased; thus, the activity of GSK3β is increased. Their subsequent in vivo study shows that chronic gestational exposure to ethanol induces a dephosphorylation of GSK3β at Ser9 and increases the activity of GSK3β in the developing cerebellum [136] . This research group also shows that ethanol activates GSK3β in cultured human CNS-derived primitive neuroectodermal tumor 2 (PNET2) cells [75] .
However, it appears in the adult brain and some other cell types, ethanol may inhibit GSK3β. Neznanova et al. [137] demonstrate that acute ethanol exposure, at a dose commonly regarded as reinforcing, strongly phosphorylates GSK3β at Ser9 in the medial prefrontal cortex, with corresponding increased phosphorylation of Akt in ethanol-preferring AA rats. They suggest the GSK3β pathway may be involved in high ethanol preference. In cardiac cells, ethanol increases pGSK3β(Ser9) and inactivates GSK3β [138] .
So far, available evidence indicates that ethanol modulates GSK3β activity by changing pGSK3β(Ser9); alterations in pGSK3β(Tyr216) have not been reported. In addition to phosphorylation, GSK3β activity can be regulated by its localization. Since some pro-apoptotic stimuli cause nuclear accumulation of pGSK3β (Tyr216) [43], a careful evaluation of subcellular distribution of phosphorylated GSK3β is needed.
GSK3β Activity and Ethanol Neurotoxicity
Studies using selective GSK3β inhibitors or genetic approaches to modulate GSK3β activity have established an association between GSK3β activity and ethanol neurotoxicity. Lithium is a commonly used GSK3 inhibitor; it inhibits activity of both GSK3α and GSK3β and promotes inhibitory phosphorylation at Ser21 and Ser9 of GSK3α and GSK3β, respectively [139] . To evaluate the effect of lithium on ethanol neurotoxicity, we intraperitoneally injected 7-day-old-mice with lithium 30 min prior to ethanol exposure [134] . Lithium effectively blocks ethanolinduced caspase-3 activation in the developing cerebral cortex (Fig. 1) . It is interesting to note that lithium administration after ethanol exposure also provides neuroprotection. Zhong et al. [140] show that an intraperitoneal injection of lithium at 15 min following ethanol exposure reduces ethanol-induced apoptosis in the striatum and superficial frontal cortex of 7-day-old mice. Lithium also prevents ethanol-induced apoptosis and activation of caspase-3 and caspase-9 in cultured cerebellar granule neurons [140] . This is confirmed by a study using the same paradigm of lithium treatment; injection of lithium at 15 min following ethanol exposure blocks ethanol-induced caspase-3 activation as well as ethanol-mediated downregulation of p-GSK3β(Ser9), p-Akt, and p-AMPK in the forebrain of 7-day-old mice [141] .
Lithium is effective in protecting ethanol-induced neurodegeneration. However, the role of GSK3β remains unclear because lithium also inhibits GSK3α and modulates the activity of other protein kinases/phosphatases, such as PKA and PP2A [139, 142, 143] . The outcomes of other selective GSK3β inhibitors are somewhat confusing. Takadera and Ohyashiki [144] show that two GSK3 inhibitors (SB216763 and alsteropaullone) completely eliminated apoptosis of primary rat cortical neurons in culture caused by ethanol exposure. SB216763 inhibits GSK3α and GSK3β in an ATP competitive manner [145] . Alsteropaullone is a potent inhibitor for GSK3β and cyclin-dependent protein kinase 5 (CDK5) [146] . Since a specific CDK5 inhibitor fails to offer protection, they conclude that GSK3β mediates ethanol neurotoxicity. According to Zhong et al. [140] , however, lithium protects cerebellar granule neurons from ethanol-induced apoptosis, but SB415286 does not. SB415286 is a GSK3 inhibitor Fig. 1 Lithium alleviates ethanol-induced caspase-3 activation in the developing brain. a Seven-day-old C57BL/6 mice were injected with LiCl (40 mg/kg body weight; 4 mg/ml) or saline 30 min prior to ethanol exposure. Mice were then injected subcutaneously with ethanol (2.5 g/ kg, 20% solution in saline). At specified times after ethanol injection, the expression of active caspase-3 in the cerebral cortex was analyzed with immunohistochemistry. Bar=100 µM. b Mice were injected with ethanol with/without lithium as described above. The cerebral cortex was dissected and protein was extracted. The expression of active caspase-3 was determined with immunoblotting. From [134] structurally distinct from SB216763 and inhibits both GSK3α and GSK3β in an ATP competitive manner [145] . They therefore suggest that GSK3 is not involved in ethanol-induced neurodegeneration.
To clarify whether GSK3β contributes to ethanol neurotoxicity, we over-express wild type (WT), S9A mutant, or kinase-deficient (KD) GSK3β in SK-N-MC neuroblastoma cells, a cell line relatively insensitive to ethanol exposure. The KD and S9A GSK3β specifically inhibit and activate GSK3β, respectively. Over-expression of wild type or S9A mutant GSK3β in SK-N-MC cells does not induce cell death, but greatly promotes ethanol-induced cell death of SK-N-MC cells; whereas, over-expression of KD GSK3β confers resistance to ethanol neurotoxicity (Fig. 2a) [133] . Lithium and TDZD-8 abolish hypersensitivity to ethanol caused by over-expression of WT and S9A GSK3β (Fig. 2b) . TDZD-8 is a highly selective, non-ATP competitive inhibitor of GSK3β; it binds to the active site of GSK3β [147] . The evidence supports that GSK3β activity indeed contributes to ethanol-induced neuronal death.
In addition to mediating neuronal death, GSK3β is also involved in ethanol-mediated inhibition of neuronal migration and differentiation. AAH is a substrate of GSK3β and regulates cell motility by catalyzing post-translational hydroxylation of proteins involved in cell migration, such as Notch and Jagged [75] . Ethanol induces GSK3β-dependent AAH phosphorylation, resulting in AAH degradation which impairs migration of PNET2 cells [75] . Lithium mitigates ethanol-induced AAH protein degradation and impaired motility. Inactivation of GSK3β promotes neurite outgrowth of N2a cells, while its activation causes an inhibition of neurite outgrowth. Ethanol inhibits neurite outgrowth by activating GSK3β through the dephosphorylation of GSK3β at Ser9 [82] . Inhibition of GSK3β activity by lithium or down-regulation of GSK3β by siRNA reverses ethanol-induced inhibition of neurite outgrowth. Cyanidin-3-glucoside, one of the anthocyanins rich in pigmented fruits, promotes pGSK3β(Ser9) and therefore blocks ethanol-induced inhibition of neurite outgrowth [82] .
Mechanisms Underlying Ethanol Modulation of GSK3β Activity
GSK3β can be activated by various cellular stresses, such as oxidative stress and ER stress [102, 103, 109, 114, 125] ; ethanol exposure is known to induce oxidative stress or ER stress [148, 149] . It is unclear whether ethanol directly affects GSK3β activity. Research using a cell-free setting would be helpful to address this question. It is known that ethanol activation of GSK3β is associated with dephosphorylation at Ser9. The decrease in pGSK3β(Ser9) may be mediated by the activation of phosphatases that dephosphorylate GSK3β, such as PP2A or the impairment of kinases that regulate GSK3β phosphorylation. It is reported that ethanol activates PP2A in rat hepatoma cells [150] . A systematic analysis of ethanol's effect on related phosphatases in neurons is necessary.
Neurotrophic factors, such as insulin/insulin-like growth factor or brain-derived neurotrophic factor (BDNF) support Cell viability was determined as described above. * denotes significant difference from cells that were not treated with GSK3β inhibitors. From [134] neuronal survival by activating the PI3K/Akt pathway [151, 152] . Activation of the PI3K/Akt signal pathway causes GSK3β phosphorylation at Ser9 and inactivates GSK3β. Ethanol interferes with BDNF-and insulin/IGF-mediated PI3K/Akt activation in cerebellar granule neurons [135, 136, 153] . de la Monte and her associates demonstrate that ethanol causes GSK3β dephosphorylation at Ser9 by blocking insulin/IGF-mediated PI3K/Akt activation [133, 134] . Alternatively, ethanol may inhibit PI3K/Akt signaling pathways through the activation of phosphatase and tensin homolog deleted in chromosome 10 (PTEN). PTEN is a phosphatase that inactivates PI3K, and ethanol increases PTEN phosphatase activity in the developing cerebellum [136] . The activity of some other upstream kinases of GSK3β, such as ERK, PKC, and PKA is also altered by ethanol [154] [155] [156] . Further study is needed to determine whether alterations in these kinases contribute to ethanolinduced dephosphorylation of GSK3β. Direct modifications of downstream proteins as a result of GSK3β activation induce ethanol neurotoxicity. One of these is Bax, a key pro-apoptotic protein. We demonstrate that ethanol activates Bax in a GSK3β-dependent manner in the developing mouse brain and in cultured neuronal cells [134] . Furthermore, over-expression of WT or S9A GSK3β sensitizes cells to ethanol-induced Bax activation. Contrarily, blocking GSK3β activity by a dominant-negative GSK3β mutant confers resistance to ethanol-induced Bax activation. Together, these results indicate that Bax is downstream of GSK3β and mediates ethanol neurotoxicity. AAH is a substrate of GSK3β and regulates cell motility. Carter et al. [75] demonstrate that ethanol-induced GSK3β-dependent AAH degradation impairs the motility of neuronal cells. cAMP response element binding protein (CREB) is a substrate of GSK3β and is implicated in alcohol drinking behavior [157] . Ethanol is shown to induce CREB phosphorylation in the central and medial amygdala as well as nucleus accumbens of rats [158, 159] . Acute ethanol exposure stimulates, but chronic exposure decreases CREB phosphorylation in the striatum and cerebellum of rats [160, 161] . It is unclear, however, whether GSK3β is involved in ethanol modulation of CREB phosphorylation/activity.
Conclusions and Future Research
Studies using animal models and cell culture systems demonstrate that ethanol alters GSK3β activity in the developing neurons, and some neurotoxic effects of ethanol, such as promotion of cell death and disruption of migration and differentiation, is mediated, at least in part, by GSK3β activation. Suppression of GSK3β activity by inhibitors or genetic approaches ameliorates ethanol neurotoxicity. GSK3β has become one of the most attractive therapeutic targets for the treatment of diabetes, inflammation, and multiple neurological diseases, including Alzheimer's, stroke, and bipolar disorders [133, 162] . Since it is a converging point of many signaling pathways and plays an essential role in neuronal development and neurodegeneration, the involvement of GSK3β in ethanol neurotoxicity provides a potential target for therapeutic efforts.
Several issues regarding the relationship between GSK3β and ethanol neurotoxicity remain. First, although available evidence supports that ethanol activates GSK3β, it is unclear whether ethanol directly affects GSK3β or acts only by modulating its upstream regulatory proteins. Second, it appears that neuronal vulnerability to ethanol correlates to GSK3β activity in vitro; high activity/expression of GSK3β sensitizes neuronal cells to ethanol damage. It is well known that the vulnerability of the developing brain to ethanol is temporal-and regional-dependent. Does the profile of developmental expression of GSK3β contribute to the differential sensitivity to ethanol? Third, although excessive GSK3β activation is harmful for neurons, basal GSK3β activity is required for neuronal survival and physiology. A more effective and specific inhibition or knock-down of GSK3β in the developing brain is necessary to firmly establish its role in ethanol neurotoxicity. Fourth, despite a high degree of similarity and functional overlap, GSK3β and GSK3α are not functionally identical and redundant. It is worthwhile to evaluate the role of GSK3α in ethanol neurotoxicity as well. 
